Overview of the CO2 Geological Storage Site for the FutureGen Project in Morgan County Illinois, USA  by Gilmore, Tyler J. et al.
 Energy Procedia  63 ( 2014 )  6917 – 6926 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
doi: 10.1016/j.egypro.2014.11.726 
GHGT-12 
Power plant replacement and carbon capture and storage investment 
in Japan: real options approach 
Junichiro Odaa,*, Keigo Akimotoa,b 
aResearch Institute of Innovative Technology for the Earth (RITE), 9-2 Kizugawadai, Kizugawa-Shi, Kyoto, 619-0292 Japan 
bThe University of Tokyo, 3-8-1 Komaba, Meguro-ku, Tokyo 153-8902, Japan 
Abstract 
This paper focuses on possible thresholds for investment in carbon capture and storage (CCS) systems in Japan. Based on 
Japanese cost parameters (current technology basis, and less suitable site within the area of Japan), the threshold could be 165 
US2007$/tCO2 avoided under the assumed parameters. In addition, future climate policies and energy prices are uncertain, which 
affects firm’s decision making for CCS investment. Using a real options approach we found the threshold between wait and 
investment in coal and gas plant (w/ CCS). The simulation results indicate that the overall thresholds could reach the level from 
230 to 250 US2007$/tCO2 avoided under uncertainties in carbon and LNG prices. This is because option values for invest in 
multiple power plants (w/ CCS) are very high under the uncertainties. RD&D efforts and reducing uncertainties in climate policy 
are important for large-scale implementation of CCS. 
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1. Introduction  
Carbon capture and storage (CCS) is one of the most important measures for large CO2 emission reductions due 
to the huge potentials with cost effectiveness. In general break even costs based on normal discounted cash flow 
(DCF) method are referred in a discussion on CCS diffusions. These evaluations with static and perfect foresight 
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assumptions indicate that the costs of CO2 avoided are the range from 70 to 100 US2007$/tCO2 or more in Japan 
(RITE [1], [2]). If we look at less suitable condition (e.g., long pipeline distance), the costs of CO2 avoided can be 
relatively high compared with the more suitable conditions (Fig. 1). In addition, an early large commercialization of 
CCS is far from this ideal perspective due to technical, economic, political, and social barriers and their uncertainties. 
Flannery [3] denoted “CCS today lacks both an economically viable policy framework and a business model” from 
the perspective of potential CCS suppliers, operators, and clients. 
In terms of economical aspect, carbon value and fuel price are very uncertain. In this study we focus on cost 
analysis of power plant replacement and CCS investment as a replacement for an aged coal plant in Japan. Using a 
real options approach we found the threshold between “wait” and “investment right now” under uncertainty. “Wait” 
means that the firm continues to operate the aged coal plant, which has relatively low thermal efficiency and high 
CO2 intensity. “Investment right now” means that the firm throws out another investment options. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Least cost options based on normal DCF method in Japan (current technology and less suitable condition). 
Note) This figure is based on common parameters of later analysis shown in Tables 1 and 2, which is based on current technology and less 
suitable condition (RITE [1], [2]). The vertical scale is equivalent to avoided cost, not captured cost. A discount rate of 5%/y is adopted. Natural 
gas (LNG) and carbon prices deterministically increase by 1.5%/y and 3.2%/y respectively. Capacity factor (CF) is 85%. This paper focuses on 
economic competitiveness between coal power plant (w/ CCS) and gas power plant (w/ CCS). 
2. Framework of the model analysis 
In this paper, we focus a firm owing aged coal power plant in Japan. The firm has options to replace the aged 
power plant and invest in four types of new power plant as described below;  
i) coal plant,  
ii) coal plant w/ CCS,  
iii) gas plant, and  
iv) gas plant w/ CCS.  
 
Since the firm isn’t allowed to continue the operation of the aged coal plant over the next decade, the firm has to 
select new power plant and construct it in this paper shown in Fig.2. We find the optimal investment behavior, cost 
minimization, subject to stochastic natural gas price, P1, and carbon price, P2, under an emission trading system. The 
carbon prices in the emission trading system are representing the inherent uncertainty in future climate policy. 
IEA [4] discussed a similar framework and explicitly treated each stochastic variable for quantitative analysis. 
This study explicitly treats two variables at the same time as shown in Oda et al. [5], and Oda and Akimoto [6], and 
updates and modifies these previous studies. 
To simply the model analysis we focus on the firm that has the characteristics as described below. 
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i) The firm is involved in an emission trading system. They have a certain fixed volume of free allocation. 
ii) The firm is interested in least-cost base-load power generation including CO2 penalty. 
iii) The firm wants to minimize the expected unit cost (US$/MWhnet) under uncertainties in gas and carbon 
prices during the next four decades (Fig. 2). 
iv) The firm has risk-neutral preference. 
 
The firm’s decision tree with discrete time and assumed schedule of the analysis are shown in Fig. 2. This 
analysis explicitly considers the lead time for a new plant construction, which means the time period from firm’s 
investment decision to commissioning. The lead times for gas and coal plants are three and five years respectively. 
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) Assumed decision tree for the firm; (b) Assumed timetable for the firm’s power plant replacement. 
 
3. Formulation and numerical analysis 
In this study, we assumed that gas (LNG) price, P1, and carbon price, P2, follow the geometric Brownian motion: 
 
(1) 
 
where ai is expected instantaneous drift rate of Pi; bi is instantaneous volatility rate of Pi; and dzi is the increment of 
a Wiener process. Suppose εt has zero mean and unit standard deviation, we can write dzi=εt (dt)1/2, E[(dzi)]=0, 
E[(dzi)2]=dt, and E[(dz1)(dz2)]=ρ12•dt, where ρ12 is the coefficient of correlation between P1 and P2.  
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Since the model framework treats a finite time horizon and multiple variables, we have to depend on a numerical 
solution to solve the value function. This study uses dynamic programming shown in Dixit and Pindyck [7]. 
Suppose Ft denotes the expected net present value of the cash flow when the firm makes all decisions optimally 
from time t onwards, the Bellman equations with discrete time are 
 
 
 
 
 
(2) 
 
 
where Vcoal(+CCS),t is expected total unit cost, including running cost of aged coal plant during the lead time, when the 
firm decides to invest the new coal plant (+CCS) at the time t; Vgas(+CCS),t is expected total unit cost of the new gas 
plant; Caged is O&M and fuel cost of the aged coal plant; r is discount rate; Δt is a time interval.  
In the numerical calculation, a relatively short time interval of 0.02 year is adapted. We can easily evaluate 
Vcoal(+CCS),t , and Vgas(+CCS),t with the static calculation. To approximate Brownian motion, we use lattice model with 
two variables, which is extension of the lattice model with one variable developed by Cox and Miller [8]. 
4. Input parameter 
4.1. Input parameter for power plants (w/ capture) 
Table 1 shows the assumed input parameters for power plants (w/ capture) in this analysis. These parameters 
reflect the Japanese specific conditions (e.g., RITE [1][2], IPCC [9]; NEA [10]; Cabinet Office, Government of 
Japan [11]; NETL [12]) as a typical Japanese cost parameters on the current technology basis. The cost parameters 
would heavily depend on future technology progress. 
Coal prices are taken to be fixed real price for the duration of this analysis at 4.78 US2007$/GJLHV (116.7 US2007$/t 
as received), which is equivalent to the Japanese CIF prices of steam coal in FY2012. 
4.2. Input parameter for CO2 transport, storage, monitoring, and verification 
Table 2 shows the assumed input parameters for Japanese CO2 transport, storage, monitoring, and verification 
costs in this analysis. The assumed conditions shown in Table 2 are less suitable for CCS systems but expected for 
large-scale deployment of CCS in Japan. All the parameters heavily depend on future technology progress, which 
means that RD&D efforts for reducing the cost and the energy penalty in CCS systems are very important. Reducing 
energy penalty of CCS systems definitely improves the cost of CO2 avoided. For the purpose of reference, Table 2 
also indicates the United States’ cost parameters based on NETL [12] and IPCC [9]. NETL [12] indicates that the 
parameters represented a “favorable” storage project. 
Japanese pipeline construction cost could be high compared with the US’s cost, because the current Japanese 
regulation requires that they have to construct underground pipeline under public roads, and they have to construct it 
only during late-evening (RITE [1][2]). Japanese storage cost could be high compared with the US’s cost, because 
the typical geological condition is less suitable in Japan compared with other countries. Injection rate per well is the 
key parameters for the unit costs. The necessity of recompression up to 10 MPa at the storage site has also negative 
impact on the unit cost per tCO2 avoided. 
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Table 1. Input parameters for power plants in Japan (current technology). 
 
Aged Coal 
plant 
(Cabinet 
Office, 
Government of 
Japan [11]) 
New Coal plant: 
Ultra-supercritical pulverized coal 
combustion (USC PCC) 
(RITE [1][2], IPCC [9]; NEA 
[10]; Cabinet Office, Government 
of Japan [11]; NETL [12]) 
New Gas plant: 
Combined cycle gas turbine 
(CCGT) 
(RITE [1][2], IPCC [9]; NEA 
[10]; Cabinet Office, Government 
of Japan [11]; NETL [12]) 
 w/o CCS w/o CCS w/ CCS w/o CCS w/ CCS 
Net capacity*, MWe 233.5 562.8 439.7 462.2 389.8 
Gross thermal efficiency (LHV), % 39.6 43.8 37.9 58.0 52.5 
Net thermal efficiency (LHV), % 37.0 41.1 34.2 56.8 48.9 
CO2 capture technology N/A N/A KS-1 N/A KS-1 
Capture rate, % N/A N/A 90% N/A 90% 
CO2 intensity, kgCO2/MWhnet 928 835 100 348 40 
CO2 captured, MtCO2/y N/A N/A 2.96 N/A 1.06 
CO2 product pressure, MPa N/A N/A 7 N/A 7 
Capacity factor, % 85 85 85 85 85 
Lead time for replacement (capital 
expenditure period), y N/A 5 5 3 3 
Fuel type and lower heating value as 
received Steam coal (import), 24.4 GJ/t coal LNG (import), 49.1 GJ/t LNG 
Fuel price, US2007$/t, US2007$/GJ (LHV) 116.7 US2007$/t, 4.78 US2007$/GJ P2** 
Overnight capital cost***, US2007$/kWnet N/A 2,719 4,973 1,549 2,919 
Fuel cost, US2007$/MWhnet 46.5 41.9 50.3 P2  (heat rate) 
O&M cost, US2007$/MWhnet 13.0 13.0 23.4 7.0 12.6 
Cost year basis (year of cost estimate) 2010 2010 2010 2010 2010 
*This analysis normalizes the simulation framework using the net electricity output. 
**In FY2012, Japanese CIF price of LNG was 797 US2007$/t (16.2 US2007$/GJLHV). 
***Overnight cost includes contingency costs, but not interest during construction. 
Note) Market exchange rate (1 US2007$ = 100 JPY) is adapted. 
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Table 2. Input parameters and US-Japan comparisons of CO2 transport, storage, and monitoring costs (current technology). 
Category  
The United States 
(“favorable” storage project 
based on NETL [12]) 
Japan 
(Less suitable condition based on 
RITE [1][2]) 
Overall 
capacity 
Annual transport and storage volume of CO2, 
million metric tons of CO2/y 
4.1 million tCO2/y 1.0 million tCO2/y 
CO2 transport 
(Onshore 
pipeline) 
Pipeline distance, km 80 km 80 km 
Inlet Pressure,  MPa 15.3 MPa 7 MPa 
Outlet Pressure,  MPa 10.4 MPa N/A 
Pipeline construction cost per kilo meter, 
million US2007$/km 
1 million US2007$/km 
(=0.8 million 
US2000$ million/km[9] * 1.225 
(GDP deflator)) 
2.65 million US2007$/km, 0.4 
meter of diameter 
(This includes additional costs for 
crossing rivers and tunnels at a 
local city.) 
Total transportation cost per CO2 transport, 
US2007$/tCO2 transport 
2.5 US2007$/tCO2 transport 27.6 US2007$/tCO2 transport 
CO2 storage 
(Deep, saline 
aquifer storage) 
Recompression at the injection site No need for recompression Recompression up to 10 MPa 
Depth,  m 1,236 m 2,500 m 
Thickness,  m 161 m 30 m 
Permeability,  md 22 md 15 md 
Injection rate per well, million metric tons of 
CO2/y 
3.42 million tCO2/well/y 
0.25 million tCO2/well/y 
(Extended reach drilling) 
Total storage cost per CO2 storage, 
US2007$/tCO2 storage 
2.9 US2007$/tCO2 storage 
6.6 US2007$/tCO2 storage and a 
130.9 kWh/tCO2 power 
consumption for the 
recompression 
CO2 monitoring 
and verification 
Total monitoring and verification cost per 
CO2 storage, US2007$/tCO2 storage 
0.3 US2007$/tCO2 storage 
(This is the upper range of 
IPCC [9].) 
8.7 US2007$/tCO2 storage, as the 
first-of-a-kind monitoring and 
verification 
(This paper excludes the 
monitoring and verification cost 
because the cost depends on 
regulations, local technical and 
social conditions, etc.) 
Total cost Total cost for transport, storage, and monitoring, US2007$/tCO2 storage 
5.7 US2007$/tCO2 storage 
34.2 US2007$/tCO2 storage and a 
130.9 kWh/tCO2 storage (This 
paper excludes the monitoring 
and verification cost.) 
Cost year basis 2007 2000 
Note) Market exchange rate (1 US2007$ = 100 JPY) is adapted. All parameters are current technology and regulation basis. 
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4.3. Input parameter for gas (LNG) price and carbon price 
As for stochastic gas (LNG) price, P1, and carbon price, P2, this analysis uses the parameters shown in Table 3. 
For the setting we referred (i) statistical analysis based on historical volatility, and implied volatility in option 
market, (ii) future perspectives (e.g., US DOE/EIA [13]), and (iii) results of energy systems model under the given 
global CO2 emission target (e.g., Oda et al. [14]). 
Japanese LNG pricing are mainly long-term oil-indexed pricing. In general, oil price volatility itself is larger than 
(regional) gas price volatility; however, the Japanese LNG price is more stable than the oil price due to the 
contracted s-curve formula. The observed historical volatility vary by region, period (e.g., a few years to a century), 
time interval (daily to yearly), correction of seasonality, and assumed function. The United States’ wellhead spot 
price volatility could be up to 0.47. This paper refers relatively lower volatility, i.e., 0.27, compared with the US gas 
price volatility. Since the obtained simulation results depends on the assumed parameters in Table 3, a more 
comprehensive determination of gas price formula and parameters remains as future work. 
In order to conduct a quantitative simulation analysis, we explicitly consider (only) stochastic carbon price, P2, 
under an emission trading system for the technical reason. In the context of climate policy, the carbon prices are 
representing total carbon value, which consists of (i) explicit carbon price (e.g., emission trading system, and carbon 
tax) and (ii) implicit carbon value (e.g., energy tax, (renewables) portfolio standard, feed-in tariff, regulation on 
carbon intensity of power generation (gCO2/kWh), sectorial agreement, and voluntary action). In other words, the 
assumed carbon prices are representing the inherent uncertainty in future climate policy. Since we can’t observe 
carbon tax volatility and all the implicit carbon value, the assumed parameters for carbon price are based on several 
emission trading systems (such as EU-ETS) with limited evidence. The carbon prices in EU-ETS could depend on 
the economic fluctuations and the region-specific carbon allocation implemented. The simulation results in this 
paper have an illustrative purpose for our discussions, rather than concreate results with sufficient evidence. A more 
comprehensive determination of carbon price formula and parameters remains as future work. 
A discount rate of 5%/y is adopted throughout the study. 
 
Table 3. Assumed parameters for stochastic gas and carbon prices. 
 Expected drift rate, ai Volatility rate, bi Coefficient of correlation, ρ12 
Gas (LNG) price, P1 1.5%/y 0.27 
0.20 
Carbon price, P2 3.2%/y 0.34 
Note) The analysis in this paper is based on real price at US2007$. The assumed carbon prices are representing the inherent uncertainty in future 
climate policy. 
 
5. Simulation results 
Simulation results are shown in Figure 3. It is quite different from Fig. 1, which consists of straight lines and has 
no “wait” area. In most periods except time t=5, and 7, the “wait” area is so large. This means that the firm 
continues to operate the aged coal plant, which has lower energy efficiency and higher CO2 intensity because it is 
economically rational under uncertainties in gas and carbon prices. In other word, it is reasonable to keep the options 
to invest in several types’ power plants. The area of “wait” splits the rounded investment areas for a new plant, 
which stay at a corner in Fig. 3 (time t=0, 3, and 6) due to the interaction effect of multiple options. 
In the time t=0, and 3, the overall thresholds for CCS investment are very high. In these periods, the firm has all 
options, i.e., wait, invest in coal (w/ CCS), and gas (w/ CCS). “Wait,” i.e., keeping the options, is the most attractive 
strategy for the firm under uncertainty. If we look at inexpensive gas price situation, e.g., 10 US2007$/GJLHV, the 
threshold for gas w/ CCS investment can be 240 US2007$/tCO2. In the case of expensive gas price situation, e.g., 25 
US2007$/GJLHV, the threshold for coal w/ CCS investment can be over 250 US2007$/tCO2. In the case of FY2012 
levels of LNG prices, i.e., 16.2 US2007$/GJLHV, the threshold for CCS investment is over 300 US2007$/tCO2. 
In the time t=5, which is the last period to invest new coal plant (w/ CCS), the investment areas for coal touch 
each other by straight line. The threshold between coal w/o CCS and coal w/ CCS is around 165 US2007$/tCO2. This 
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is equivalent to Fig. 1, which is based on the normal DCF method. In the time t=7, which is the last period to select 
gas w/o CCS or gas w/ CCS, the threshold for CCS investment is around and coal w/ CCS is around 230 
US2007$/tCO2 at the case of 10 US2007$/GJLHV. 
The results indicate that it requires substantially higher carbon prices for early CCS diffusions under uncertainty 
(t=0, and 3). In most cases, the levels from 230 US2007$/tCO2 to 250 US2007$/tCO2 are required for CCS diffusions. 
These levels of carbon prices are substantially high compared with the levels based on the normal DCF method, 
and/or more suitable conditions for CCS systems. These simulation results could be reflecting firm’s real decision 
making, which is requisite for CCS diffusions, and less suitable but expected conditions for large-scale deployment 
of CCS in Japan. 
All the simulation results, however, depend on the assumed input parameters shown in Tables 1,2 and 3. The 
assumed carbon prices are representing the inherent uncertainty in future climate policy, which we can’t observe and 
estimate with definite evidence. The simulation results in this paper have an illustrative purpose for our discussions, 
rather than concreate results with sufficient evidence. A more comprehensive determination of input parameters 
remains as future work. 
6. Conclusion 
This paper focused on possible thresholds for investment in carbon capture and storage (CCS) systems in Japan. 
Based on Japanese cost parameters (current technology basis, and less suitable site within the area of Japan), the 
threshold could be 165 US2007$/tCO2 avoided under the assumed parameters. The threshold is relatively higher than 
those for more suitable site within the area of Japan, and for the international default values, such as the United 
States’ cost parameters. 
In addition, future climate policies and energy prices are uncertain, which affects firm’s decision making for 
investment in CCS systems. Using a real options approach we found the threshold between wait and investment in 
coal and gas plant (w/ CCS) under uncertainty. In a real options approach, investment means that the firm throws 
out another investment options. The simulation results indicate that the overall thresholds for CCS investment could 
reach the level from 230 to 250 US2007$/tCO2 based on the assumed parameters (current technology, and less 
suitable condition) in Japan. This is because option values for invest in multiple power plants (coal w/o CCS, coal 
w/ CCS, gas w/o CCS, and gas w/ CCS) are very high under uncertainty. A typical carbon price on a discussion, e.g., 
50 US2007$/tCO2, is not sufficient for CCS diffusion, which is consistent with real situation in most countries, except 
the region with abundant CO2-EOR capacities. 
In order to realize large-scale deployment of CCS, a sufficient degree of government support for CCS is requisite. 
In addition, reducing uncertainty in climate policy and legislation, i.e., stable and predictable policy, is also very 
important for early CCS diffusions. In the short term perspective, feed-in tariff is an attractive policy framework for 
reducing uncertainty, since the costs of CO2 avoided for CCS systems can be substantially lower than those for 
renewables. In the long term perspective, we should continue/expand RD&D efforts for reducing the cost and the 
energy penalty in CCS systems. 
References 
[1] Research Institute of Innovative Technology for the Earth (RITE). Research and development of underground technology for carbon dioxide, 
Research report; 2006. (in Japanese) 
[2] Research Institute of Innovative Technology for the Earth (RITE). Research and development of underground technology for carbon dioxide, 
Research report; 2007. (in Japanese) 
[3] Flannery BP. Comment. Energy Economics 2011; 33(4):605-7. 
[4] IEA. Climate Policy Uncertainty and Invest Risk, In support of the G8 Plan of Action, Paris; 2007. 
[5] Oda J, Matsuhashi R, Yoshida Y. The decision to invest in emissions reduction technologies based on the real options approach. Proceedings 
of the GHGT-7; 2004. 
[6] Oda J, Akimoto K. An analysis of CCS investment under uncertainty. Energy Procedia 2011;4:1997-2004. 
[7] Dixit AK, Pindyck RS. Investment under uncertainty. Princeton, NJ: Princeton University Press; 1994. 
[8] Cox DR, Miller HD. The theory of stochastic processes. London: Chapman and Hall; 1965. 
[9] IPCC. Carbon dioxide capture and storage: special report of the Intergovernmental Panel on Climate Change. Cambridge University Press; 
2005. 
 Junichiro Oda and Keigo Akimoto /  Energy Procedia  63 ( 2014 )  6917 – 6926 6925
[10] Nuclear Energy Agency (NEA). Projected costs of generating electricity: 2010 Update. OECD/Nuclear Energy Agency (NEA). Paris: OECD 
Publishing; 2010. 
[11] Cabinet Office, Government of Japan. Verification council on power generation costs. 2011. (in Japanese) 
[12] NETL. Cost and performance baseline for fossil energy plants, volume 1: bituminous coal and natural gas to electricity. DOE/NETL-
2010/1397, Revision 2a, 2013. 
[13] US DOE/EIA, The international energy outlook 2010. 2010. 
[14] Oda J, Akimoto K, Sano F, Homma T, Tomoda T. Diffusion of CCS and energy efficient technologies in power and iron & steel sectors, 
Proceedings of the GHGT-9; 2008: 1(1):155-61. 
 
 
 
 
 
 
 
t =0. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
t =3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Simulation results of the least-cost thresholds between “wait” and “investment right now”. 
Note) The simulation results are based on the current technology and less suitable condition for CCS systems in Japan. 
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t =5. 
Since the lead time of coal power plant 
(w/ CCS) is five years, the time, t =5, is  
the last opportunity to invest in coal 
power plant (w/ CCS). 
 
 
 
 
 
 
 
 
 
 
 
 
t =6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
t =7. 
The firm has to select gas w/o CCS  
or gas w/ CCS because they have to 
stop the operation of aged coal power 
plant at the time t=10. 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Simulation results of the least-cost thresholds between “wait” and “investment right now” (continued). 
Note) The simulation results are based on the current technology and less suitable condition for CCS systems in Japan. 
